Abstract: This paper studies the effect of equal channel angular pressing-Conform (ECAP-C) and further artificial aging (AA) on microstructure, mechanical, and electrical properties of Al 6101 alloy. As is shown, ECAP-C at 130 °C with six cycles resulted in the formation of an ultrafine-grained (UFG) structure with a grain size of 400-600 nm containing nanoscale spherical metastable β′ and stable β second-phase precipitates. As a result, processed wire rods demonstrated the ultimate tensile strength (UTS) of 308 MPa and electrical conductivity of 53.1% IACS. Electrical conductivity can be increased without any notable degradation in mechanical strength of the UFG alloy by further AA at 170 °C and considerably enhanced by additional decomposition of solid solution accompanied by the formation of rod-shaped metastable β′ precipitates mainly in the ultrafine grain interior and by the decrease of the alloying element content in the Al matrix. It is demonstrated that ECAP-C can be used to process Al-Mg-Si wire rods with the specified UFG microstructure. The mechanical strength and electrical conductivity in this case are shown to be much higher than those in the industrial semi-finished products made of similar material processed by the conventional T6 or T81 treatment.
metastable and stable modifications using severe plastic deformation (SPD) [19] [20] [21] [22] [23] . The strengthening up to 365 MPa can be achieved via grain refinement during SPD, as well as through precipitation hardening induced by following dynamic aging. The research [19] [20] [21] [22] [23] [24] has also proved that in parallel with the formation of UFG structure, SPD also considerably accelerates the decomposition of a supersaturated solid solution and contributes to a greater reduction of the content of alloying element atoms in the Al matrix of Al-Mg-Si alloys as compared to conventional processing techniques. In good agreement with the Matthiessen's rule for dilute alloys [25] , this leads to the increase in electrical conductivity of UFG alloys up to more than 58% IACS [19] [20] [21] . The approach was used to process Al-Mg-Si alloys via such SPD processing techniques as high pressure torsion (HPT) and equal channel angular pressing with parallel channels (ECAP-PC). Due to certain limitations (small size of samples processed, low material utilization ratio, etc.) these techniques of processing are regarded as laboratory ones and cannot be applied to commercially produce UFG materials. Apart from that, the ECAP-C technique is capable of producing long-length UFG billets that could be used as ingots for industrial processes [26] . As an example, the given SPD technique allowed producing UFG structures in long-length Ti and Al alloy rods [27] [28] [29] [30] , as well as in steel ones [31] , resulting in a considerable enhancement of both mechanical and service characteristics as compared to similar semi-finished billets processed via conventional techniques.
The main objective of this work is to demonstrate the potential of continuous ECAP-C technique for fabrication of high strength UFG Al 6101 alloy showing a better combination of mechanical strength and electrical conductivity compared to the commercial Al-Mg-Si alloy processed via conventional thermo-mechanical treatments, which are currently used in the electrical engineering.
Experimental Section
Commercial Al 6101 alloy in T1 state was used as a material for study (cooled from an elevated temperature shaping process and naturally aged) with a typical chemical content, namely: 0.58 Mg; 0.54 Si; 0.23 Fe; 0.003 Cu; 0.01 Zn; 0.012 (ΣTi + V + Cr + Mn); res. Al (wt. %). The initial material had a form of continuous cast re-draw rolled rods with a diameter of 12.5 mm. The material for investigation was supplied by UC RUSAL (Moscow, Russia).
Initial rods of 1.5 m in length were successively annealed at 550 °C , water quenched and subjected to SPD. To form the UFG structure, quenched billets were SPD-processed by ECAP-C technique. A schematic drawing of the ECAP-C machine is shown in Figure 1a . Initially, a wire rod of 12.5 mm in diameter (1) heated to the specified temperature was placed into a pressing channel comprised of a running wheel die (2), pressure arrangement working surfaces (3), and a gauge (4) . Friction resistance forces a wire rod going from a running wheel die (2) into a channel formed by a pressure arrangement (3) and a gauge (4), coupling at a certain angle (ψ) with a wheel die. Shear straining occurs at an intersection of these channels (deformation zone).
ECAP-C machine was used to process wire rods under isothermal conditions at 130 °C . Intersection angle of channels (ψ) (Figure 1а ) constituted 120° with six processing cycles corresponding to an equivalent strain of about 4 [32] . A wire rod was rotated around the axis by +90° after each ECAP-C cycle (route Вс). According to the previous studies [33, 34] , it is the most efficient mode to form a homogeneous UFG structure in Al alloys. ECAP-C treatment resulted in the production of rods up to 1.5 m in length with a square cross section of 11 × 11 mm (Figure 1b) . No noticeable macro-defects resulting from a deformation processing were observed on the surface (Figure 1b ). Some part of the processed wire rods was artificially aged (AA) at the temperatures of 170 °C for 1-6 h and at 190 °C for 1-12 h. The microstructure of wire rods was studied by transmission and scanning electron microscopy (TEM and SEM). A longitudinal section of wire rods in both the initial state and processed by ECAP-C and AA was analyzed.
TEM investigations were implemented using JEМ-2100 electron microscope (JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV. To study the microstructure, thin foils were used, produced by jet polishing on a Tenupol-5 machine (Struers, Ballerupcity, Denmark) with the chemical solution consisting of 20% nitric acid and 80% methanol at a temperature of −25 °C and a voltage of 15 V. A mean size of structural elements was determined based on the measurements of at least 200 mean diameters. At least three foils of each state were studied to obtain statistically significant results.
The microstructure homogeneity as well as the distribution of particles of crystallized secondary phases were estimated by SEM using JSM-6490LV (JEOL, Tokyo, Japan) at an accelerating voltage of 20 kV. The chemical composition of secondary phases was analyzed by EDX technique using an extension to INCA electron microscope X-Act by the Oxford Instruments Company, Oxford, UK.
A longitudinal section of the rod in the initial state, as well as processed by SPD and further AA was analyzed.
X-ray studies were performed using Ultima IV diffractometer (Rigaku, Tokyo, Japan) by CuKα irradiation (30 ) and crystalline lattice parameter (а) were calculated using Rietveld analysis with the help of MAUD software (copyright by L. Lutterotti, Trento, Italy) [35] . To estimate dislocation density (ρ), the Equation (1) was used [36] . [37] . Straightened samples of at least 1 m long in a measured part were taken.
Results and Discussion

Microstructural Features of the Alloy Processed via ECAP-C
TEM studies revealed an inhomogeneous microstructure with average grain size of 10 μm for Al 6101 alloy in the T1 state processed via a conventional technique (continuous casting and redraw rolling). Grains are elongated along the rolling direction (Figure 2a,b) . The metal structure also contains intermetallic crystalline inclusions varying from 0.5 to 5 μm in size oriented along the rolling direction (marked by an arrow) ( Figure 2а ). This distribution of intermetallic particles is typical for Al semi-finished products processed via pressing or rolling [38] . EDX analysis of particles showed the presence of Fe, Si, and Al with a stoichiometric ratio of 2:2:9. This composition is typical for Al alloys of the Al-Mg-Si system containing no Mn and/or Cr [39] . A homogeneous UFG microstructure with a grain size varying from 400 to 600 nm was formed in the wire rods after six ECAP-C cycles at 130 °C (Figures 2c,d and 3a,b). Grains were somewhat elongated along the shear plane. Distribution of spots along the rings on selected area electron diffraction (SAED) patterns shows the formation of grain-type structure with grain boundaries exhibiting mostly high-angle misorientation (Figure 3а ) according to [33, 34] . In the earlier work [40] , the electron backscatter diffraction (EBSD) analysis was applied to study the evolution of grain structure during ECAP processing of an Al-Mg-Si alloy with the similar chemical composition. It was shown that ultra-fine substructure is formed after 1-2 ECAP passes and it is transformed into UFG microstructure with predominant high-angle grain boundaries after four ECAP passes and saturates with further processing. TEM studies revealed spherical disperse particles varying from 3 nm to 20 nm in size formed as a result of ECAP-C processing ( Figure 3c ). Their morphology same as in the previous research [19, 22, 41, 42] on the Al-Mg-Si alloys subjected to SPD under similar temperature conditions indicates that the particles found in the Al 6101 alloy can be regarded as metastable β-phase precipitates with hexagonal lattice with a Mg/Si ratio of 1.8 [13] . Analysis of SAED patterns ( Figure 3b) shows that a part of the spots corresponding to the Al matrix, there are also spots related to the β′-precipitates, as well as β-precipitates with a Mg/Si ratio of 2. Figure 3с represents nanoscale precipitates distributed uniformly within the grain. The size of the precipitates increases considerably near GBs (Figure 3c ). The same pattern of spherical β′-precipitates distribution can be observed in the UFG Al-Mg-Si alloys processed via ECAP-PС or conventional ECAP at 100 °C [22, 41, 42] , whereas β-precipitates were observed in the Al-Mg-Si alloy processed by HPT at 130 °C [23] . These precipitates point to the fact that the UFG structure formation during ECAP-C was accompanied by solid solution decomposition due to the dynamic aging (DA). It has also been previously observed in various Al-Mg-Si alloys during SPD both at elevated [19] [20] [21] [22] [23] [24] [41] [42] [43] [44] [45] and room temperature [23, 24, 46] .
The structure processed via ECAP-C features a high dislocation density (ρ) of about ~8 × 10 13 m −2 according to the X-ray analysis data (Table 1) . This accounts for a small size of coherent scattering regions (D), as well as for а high mean-square microdistortion of the alloy crystalline lattice (<ε 2 > 1/2 ) ( Table 1) . A considerable reduction in the Al matrix lattice parameter (а) after ECAP-C is also observed as compared to rolled wire in state T1 processed via the conventional technique (Table 1) . These results are consistent with the phase composition changes observed in the wire rods after ECAP-C by TEM (Figure 3с ). This points to a notable decrease in the concentration of Mg and Si in the Al matrix [19, 22, 42] .
ECAP-C processing of a wire rod led to not only the formation of UFG structure and strengthening phase, but also to the distortion of a linear orientation of crystallized intermetallic particles (Figure 2c) . A more uniform nature of their distribution was observed, which could reduce to a certain degree the anisotropy of the material mechanical properties [38] . Such a redistribution of intermetallic particles in the Al matrix is possibly the result of SPD [26] . Figure 4 and Table 2 demonstrate the mechanical properties of UFG rolled wire processed via ECAP-C, as well as its properties in Т1 state. The Table 2 also contains the values of specific electrical resistivity found experimentally and calculated electrical conductivity values (% IACS). Physical and mechanical properties of Al 6101 alloy in the form of rods and wire produced by different manufacturers are given in Table 2 for comparison. The results gained show that the formation of UFG microstructure in the wire rod enhances the yield strength and the yield stress by ~2.3 and 1.5 times, correspondingly, as compared to the counterparts processed via the conventional technique in state T1 and T4. The formation of UFG structure leads to not only the enhancement of mechanical strength but also to the considerable increase in electrical conductivity. Additionally, UFG wire rods are much stronger than those of the Al 6101 alloy in T6 state (Table 2) . Typical engineering stress-engineering strain curves from tensile testing of the Al 6101 alloy (1) in the T1 condition; (2) after ECAP-C processing; (3) after ECAP-C processing and AA at 170 °C for 12 h; and (4) after ECAP-C processing and AA at 190 °C for 6 h.
Mechanical Properties and Electrical Conductivity of the Alloy Processed via ECAP-C
Properties and Microstructure of the UFG Alloy Processed via Artificial Aging
In [22, 23] it was found that a notable enhancement of electrical conductivity in UFG Al-Mg-Si alloys after SPD treatment could be achieved by further artificial aging (AA). There has also been noted that AA can lead to both strength and ductility increases in UFG alloys [22, 42, 44, 49] , or only to mechanical strength enhancement with an admissible ductility decrease [41] . Following these findings a part of the ECAP-C processed wire rod was subjected to AA at 170 °C and 190 °C -the temperatures that are typically used in traditional heat treatment procedures of the commercial rods/wire of 6101 alloy [2, [6] [7] [8] 50] . Figure 5 demonstrates the electrical conductivity dependence on the temperature and the time of AA for UFG wire rods. It can be seen that AA results in a considerable enhancement of electrical conductivity up to over 57% IACS ( Figure 5 , Table 2 ). It is obvious that the increase in АА temperature notably reduces the time necessary to achieve high electrical conductivity. The measurements taken revealed that the best possible combination of strength (UTS over 304 MPa), ductility (15.1%), and electrical conductivity (57.1% IACS) are demonstrated by the UFG wire rods processed by AA at 170 °C for 12 h. The given level of properties is considerably higher than that of the alloy processed via the conventional techniques ( Table 2 ). TEM microstructural studies of the wire rods after ECAP-C and further AA revealed the same grain size as for the SPD-processed material. Metastable β′-second-phase precipitates formed in the grain interior following aging are of a spherical form with a diameter of up to 5 nm and with a length varying from 10 to 50 nm oriented along <001> direction of the Al matrix ( Figure 6 ). A corresponding typical SAED pattern is presented in Figure 6b . Symmetrical streaks between the diffraction spots of [001] Al are related to HCP β′-precipitates [51, 52] . Their morphology and location are typical of coarse-grained alloys of the Al-Mg-Si system processed by quenching and further АА [9] [10] [11] [12] [13] . Precipitates of the same morphology were observed after AA in UFG Al-Mg-Si alloys processed via ECAP-PC [19, 22, 42] and НРТ [23] . In the research [19, 22, 42] , it was revealed that the grain interior contained not only β′-precipitates, but also needle-shaped metastable β′′-phase. The absence of this phase in UFG 6101 alloy in the current study may result from the application of higher temperature range of AA. The change in the UFG alloy phase composition is accompanied by a considerable (almost by two times) decrease in <ε 2 > 1/2 and ρ values (Table 1) . Such variations with no notable change in a grain size suggest that recovery processes take place in the UFG structure [26, 34] . Additionally, a considerable decrease in the crystalline lattice parameter (а) of the Al matrix is noted ( Table 1 ). The parameter comes close to the value for pure Al (4.0495 А). The found variation of а points to the further decomposition of solid solution accompanied by the growth of precipitations already formed during ECAP-C and the formation of the new ones. The observed decrease in <ε 2 > 1/2 , ρ, and, particularly, in а, is the reason for high electrical conductivity of UFG wire rods (Table 2) . Such an interrelation between а parameter and electrical conductivity has already been established in the studies [19, [21] [22] [23] . At present, SPD techniques aimed at processing of commercially applicable UFG metals and alloys with enhanced mechanical and functional characteristics are actively developed [26, 53] . The given research demonstrates the possibility to process the specified UFG structure having a unique combination of mechanical strength and electrical conductivity in rods made of Al 6101 alloy using the ECAP-C technique with further artificial aging.
The first processing stage included six cycles (equivalent strain of ~4) of ECAP-C at 130 °C by Bc route after quenching. The selection of the SPD regime is determined by several reasons.
Firstly, the previous studies showed that SPD processing of Al-Mg-Si alloys under similar conditions led to the formation of a homogeneous UFG structure with enhanced mechanical properties [21, 22] .
Secondly, it was found that elevated temperature of SPD in Al alloys resulted in a considerable decomposition of solid solution during dynamic aging (DA) accompanied by the formation of nanoscale second-phase precipitates. This led to additional enhancement of both strength and electrical conductivity [21, 23] .
Thirdly, the selected regimes of SPD provided the capacity for further aging to enhance the properties of UFG alloys. It was shown in the following studies [22, 23] .
Fourthly, the selected conditions of SPD assure the fabrication of long-length rods with no noticeable macro and/or micro defects.
ECAP-C of wire rods of up to 1.5 m in length resulted in the formation of a homogeneous UFG structure from 400 to 600 nm in size. Additionally, nanoscale spherical metastable β′-second-phase precipitates were formed in the Al matrix during ECAP-C. Their morphological features are typical for Al alloys, since the formation of ultrafine grains in these alloys is accompanied by the decomposition of solid solution and the formation of strengthening Mg2Si phases [19] [20] [21] [22] [23] [24] [41] [42] [43] [44] [45] [46] . Their spherical shape is different from the shape of β′-phase (in the form of spheres) formed as a result of a conventional thermal (of Т6 type) and/or thermomechanical treatment (of Т81 type) of CG counterparts [9] [10] [11] [12] [13] [14] . The observed differences are determined by a considerable dislocation activity and the increase in vacancy concentration during SPD (ECAP-C in our case). This leads to a notable increase in the effective diffusion factor in Al alloys [10, 54] . The diffusion stepping up accelerates the precipitation kinetics and contributes to the formation of metastable β′-phase after ECAP-C at 130 °C already.
Judging by the character of metastable phase distribution shown in Figure 3b it can be assumed that grain-boundary diffusion plays an important role in the formation and growth of β′-phase metastable precipitates found mainly along GBs. It is well known that the grain-boundary diffusion coefficient is several orders greater than the volume diffusion coefficient [55] . Consequently, the kinetics of the αAl-GB-β′′-β′ phase transformation and further enlargement of β′-phase particles formed along GBs is suggested to be controlled by grain-boundary diffusion and is much more enhanced than similar processes inside grains controlled by volume diffusion. Similar character of metastable phase precipitates distribution in UFG Al alloys of the Al-Mg-Si system after SPD treatment was reported in [19, 22, 23, 42] .
At the second processing stage of UFG wire rods (after ECAP-C), further AA resulted in the formation of β′-phase precipitates mainly inside grains ( Figure 6 ). This is due to the fact that solute atoms are mostly concentrated inside grains as compared to the regions adjacent to GBs. A similar distribution of metastable phase precipitates was observed in a number of UFG Al-Mg-Si alloys after AA [19, [21] [22] [23] 42] . It is necessary to note that both the current study and the previous research point to the fact that the morphology of metastable phase precipitates in UFG alloys is similar to that of CG counterparts processed by conventional techniques [9] [10] [11] [12] [13] [14] . The absence of metastable β′′-phase precipitates in the UFG alloy after AA found earlier in Al-Mg-Si alloys after SPD treatment [19, 21, 22, 42] can be explained by the higher aging temperature used to process billets.
The study of the mechanical properties of the UFG alloy shows that the results obtained (Table 2 ) are in good agreement with microstructural changes taking place after both ECAP-C and further AA. The formation of homogeneous UFG structure (Figures 3 and 6 ) with mainly large-angle grain boundary misorientations in Al 6101 alloy wire rods after six cycles of ECAP-C at 130 °C resulted in an expected strength enhancement as defined by the Hall-Petch relationship [56, 57] . It has been repeatedly confirmed for Al alloys in the UFG state [26, 34] . The formation of spherical metastable β′-phase precipitates of ultrafine grains (Figure 4 ) during AA at 170 and 190 °C does not have any effect on the mechanical properties and even degrades them a little (Table 2) . With no noticeable grain enlargement following the aging, this modification of properties in the UFG materials is connected with two competing processes. These are (i) the recovery caused by a considerable decrease in dislocation density (by almost two times) and (ii) the precipitation hardening, due to the formation of metastable β′-phase precipitates inside grains in the course of AA. It was also noted than no strengthening or even certain strength degradation took place in UFG Al-Mg-Si alloys as a result of AA [42] . Spherical β′-phase precipitates formed along GBs of the UFG structure as a result of dynamic aging (DA) play no part in total strengthening of the material [58] .
It is well known that electrical conductivity depends on microstructural features of metallic materials determined by electron scattering as a consequence of crystalline structure distortions, including atom thermal vibrations, particles, crystalline lattice defects, etc. Thus, it seems very complicated to enhance strength of conductor materials without a significant deterioration of their electrical conductivity using conventional techniques [25] . For example, alloying of pure metals, their strain or precipitation hardening results in a considerable decrease of electrical conductivity due to a notable expansion of electron scattering on grain/sub-grain boundaries, increased amount of solute atoms in the matrix, GP zones, secondary precipitates, and dislocations. It is known that solute atoms in the matrix and GP zones are more efficient in scattering of electrons than other structural elements [25, 56] . SPD-processing leads to grain refinement followed by solid solution decomposition and subsequent precipitation and can be used as a new approach to enhance mechanical strength of pure metals with retention of electrical conductivity. It was applied to pure Cu [59, 60] , and recently has been used to process Cu [61, 62] and Al-based alloys [19] [20] [21] [22] [23] 63] . In our case, DA, in the course of ECAP-C, results in solid solution decomposition, which contributes to certain electrical conductivity enhancement ( Table 2 ). The same effect of DA during SPD was observed in our previous studies [19] [20] [21] [22] [23] 61] . The dependence of electrical conductivity of UFG Al-Mg-Si alloys on stable Mg2Si phase precipitates and precipitates of its metastable modifications [19] [20] [21] [22] [23] was analyzed. The obtained results suggest that secondary β′ precipitates formed both inside grains and along GBs following ECAP-C have insignificant negative effect on the electrical conductivity of the material under study, while providing significant strengthening effect. Higher amount of Mg atoms are required for formation of β′ precipitates (Mg/Si ratio of 1.8) [13] in comparison with β′′ precipitates (Mg/Si ratio of 1.1) [64] . Therefore, β′ precipitates effectively purify the Al matrix from Mg solute atoms, which most negatively affect the electrical conductivity of the material [65] . The formation of new secondary precipitates in the course of AA leads to a further matrix depletion with alloying elements and a more considerable enhancement of UFG 6101 alloy electrical conductivity ( Figure 6 , Table 2 ).
Thus, the UFG Al-Mg-Si processed via six ECAP-C cycles at 130 °C and AA at 170 or 190 °C has electrical conductivity essentially higher than that of counterparts subjected to conventional treatment techniques (Table 2) .
It is necessary to note that the unique combination of high mechanical strength and electrical conductivity was achieved in long-length rods through application of ECAP-C. This method appears to be particular promising, especially taking into account first pilot wire samples (Table 2) with an enhanced combination of properties produced from UFG rods by cold drawing modes typically used commercially. Pilot UFG wire samples have UTS of over 360 MPa, elongation to failure of over 3% and electrical conductivity of 56.4% IACS. These studies demonstrate the practical feasibility of a fast transition from pilot rods and wire to their commercial production [66] .
Conclusions
1. It is demonstrated for the first time that continuous ECAP-C processing can be efficiently used to form the UFG microstructure in Al alloys of the Al-Mg-Si system. ECAP-C with six cycles at 130 °C of Al 6101 alloy resulted in the formation of a homogeneous UFG microstructure with a grain size varying from 400 nm to 600 nm in long-length rods.
2. Grain refinement down to ultrafine scale during ECAP-C is accompanied by a dynamic aging leading to the formation of spherical metastable β′-second-phase precipitates and stable β-phase from 3 nm to 20 nm in size. 3. Long-length wire rods made of UFG Al 6101 alloy have much higher mechanical strength as compared to their counterparts processed via conventional treatment techniques. Further artificial aging at 170 °C of UFG billets processed via ECAP-C has no effect on their mechanical strength (at 170 °C ) but leads to some strength degradation at 190 °C . 4. Electrical conductivity of the Al 6101 alloy depends on its microstructural features due to SPD processing. Decomposition of supersaturated solid solution leading to the formation of metastable β′-phase and stable β-phase in the course of ECAP-C as a result of dynamic aging and additional β′-phase during artificial aging is an efficient approach to enhance the electrical conductivity of the alloy. UFG long-length rods were used to produce the wire samples by cold drawing with superior properties considerably exceeding the existing counterparts processed via conventional techniques.
